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Abstract: Previous studies on in vitro rooting for improved micropropagation of eucalypts indicated that root graviperception and postacclimatisation architecture are determined by the relative exogenous auxin analogue and its stability, supplied during the pre-rooting
culture stages. The specific roles of indole-3-acetic acid (IAA) and indole-3-butyric acid (IBA) in the rooting medium on the in vitro root
morphological processes were explored using a good-rooting clone. In vitro rooting percentage was significantly reduced when either of
the auxin inhibitors 2,3,5-triiodobenzoic acid (TIBA) and ρ-chlorophenoxyisobutyric acid (PCIB) or the auxin antagonist kinetin was
supplied at rooting, with or without exogenous auxin. For all treatments, at the time of root induction, shoots did not possess a vascular
cambium, only procambial tissue, from where adventitious roots formed. However, when the inhibitors or the antagonist were supplied
to the roots 3 days after root induction, they affected root growth and graviperception. Kinetin and PCIB significantly reduced the mean
root diameter from 552.8 µm (control) to 129.2 µm and 278.6 µm, respectively, over 3 weeks. While the PCIB treatment resulted in a
significant increase in Δ root length over this period, the TIBA treatment significantly decreased ∆ root length and increased mean root
diameter to 833.4 µm. Restricting IAA transport with TIBA further altered root vascular patterning and, as with PCIB, resulted in the
collapse of the columella region. Nevertheless, only a disruption in IAA transport and subsequent auxin distribution by TIBA treatment
resulted in altered root graviperception. The results suggest the necessary inclusion of IAA in eucalypt micropropagation protocols to
ensure good quality roots.
Key words: Eucalyptus, graviperception, root cap, root quality

1. Introduction
The commercial and economic importance of the world’s
Eucalyptus plantations is well known and documented
(Eldridge et al., 1994; Watt et al., 2003). The increasing
demand for paper, pulp, and timber, and the favourable
growth characteristics of members of the genus, has led to
the dominance of eucalypt plantations worldwide (Merkle
and Nairn, 2005). This has been achieved through breeding
programmes, the use of hybrids, and prudent nursery and
clonal practices. Selected superior eucalypt clonal lines,
both pure and hybrid, are perpetuated through vegetative
propagation (Denison and Kietzka, 1993a, 1993b; Watt et
al., 2003) and, therefore, increased true-to-type plantlet
yield, more efficient site matching, and uniformity in the
plantations (Eldridge et al., 1994).
While propagation through macro-, mini-, and microcuttings is successful for many eucalypt clones (Eldridge et
al., 1994; de Assis et al., 2004), micropropagation provides
increased plantlet multiplication rates (Le Roux and Van
Staden, 1991) and may be the only practical means of
* Correspondence: wattm@ukzn.ac.za
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propagating some difficult-to-root clones (Mokotedi et
al., 2000; Yasodha et al., 2004; George et al., 2008). As a
result, there are numerous published in vitro protocols
for the propagation and maintenance of superior selected
eucalypt genotypes (Le Roux and Van Staden, 1991; Jones
and Van Staden, 1997; Watt et al., 2003).
Fundamental to all vegetative propagation programmes
is the attainment of fully functional plants, and rooting
is a critical step in this regard. The aim of the rooting
stage of these programmes and, consequently, the in
vitro manipulations, has been to achieve a high rooting
percentage (Jones and Van Staden, 1997; Trindade and Pais,
1997; de Assis et al., 2004; Mankessi et al., 2008; Nourissier
and Monteuuis, 2008). With few exceptions (Bell et al.,
1993; Mokotedi et al., 2010), studies have not considered
the root growth, quality, and morphology of in vitroproduced roots post-acclimatisation, or compared them
with those of conventionally propagated eucalyptus plants.
In a study where this was investigated, ex vitro plants in the
field displayed a shallower root architecture and, therefore,

NAKHOODA et al. / Turk J Agric For
a weaker root system than macro- and seed-propagated
clones (Mokotedi et al., 2010). Furthermore, most eucalypt
micropropagation protocols, including that of Mokotedi et
al. (2010), utilise one or more auxin analogues to induce
roots in vitro (Jones and Van Staden, 1997; Watt et al.,
2003). However, Nakhooda et al. (2011) reported that
the choice of auxin, along with its relative stability and
concentration used in vitro, influences several aspects of
root development, including post-acclimatisation root
architecture. Those authors found that IAA (indole-3acetic acid) was integral to the rooting process, regardless
of the presence of other auxin analogues, such as IBA
(indole-3-butyric acid) or sensitivity to exogenous auxin.
Auxin and its transport have been implicated in many
physiological processes of roots, such as the regulation
and maintenance of the root meristem and zonation
(Luijten and Heidstra, 2009), root cell patterning (Blilou
et al., 2005), and, with cytokinins (Campilho et al., 2009),
vascular development (Mattsson et al., 1999; Ye, 2002). In
roots, auxin is laterally distributed in the root cap as the
primary signal in gravitropic bending (Chen et al., 1999;
Friml, 2003; Swarup and Bennet, 2009). IAA, the major
natural plant auxin, is transported basipetally, through
diffusion (Michniewicz et al., 1997; Delbarre et al., 1996;
Kramer and Bennett, 2006) or membrane-bound transport
proteins of the AUX 1 (Bennett et al., 1996; Parry et al.,
2001), PGP (Terasaka et al., 2005; Mravec et al., 2008),
and PIN families (Gälweiler et al., 1998), which provide
polar influx and efflux of the auxin, primarily through
the phloem (George et al., 2008; Tromas and PerrotRechenmann, 2010).
Much of the understanding of auxin transport and
action has developed through studies utilising auxin
inhibitors and antagonists (Geldner et al., 2001; Oono et
al., 2003; De Rybel et al., 2009; Kuderová and Hejátko,
2009). These inhibit auxin action in various ways. For
example, 2,3,5-triiodobenzoic acid (TIBA) blocks polar
auxin by competing for auxin binding sites (Geldner et
al., 2001), and ρ-chlorophenoxyisobutyric acid (PCIB)
inhibits auxin signal transduction by impairing the auxin
signalling pathway (Oono et al., 2003). Cytokinins are
also known to work antagonistically with auxins in many
root developmental processes (Brault and Maldiney, 1999;
George et al., 2008).
While an auxin is found to be necessary for root
induction in eucalypt micropropagation protocols,
the work of Mokotedi et al. (2010) and Nakhooda et al.
(2011, 2012) indicated that the choice of analogue needs
further investigation. In this regard, auxin inhibitors
and antagonists can serve to confirm the specific roles
of each auxin analogue during root development. With
such information, in vitro protocols can be refined at each
culture stage to produce maximum plantlet yield without

compromising plantlet quality. The present contribution
is, therefore, a continuation of our studies on eucalypt root
ontogeny in vitro (Nakhooda et al., 2011, 2012). The role of
auxins on root induction, graviperception, cell patterning,
vascular differentiation, and root tip development were
investigated, both at the root induction stage and 3 weeks
after root induction.
2. Materials and methods
2.1 Micropropagation protocol and culture conditions
One-year-old plants of a pure Eucalyptus grandis clone
were obtained from Mondi Business Paper, KwaZuluNatal. Mini-cuttings were decontaminated and placed
onto bud induction medium (Nakhooda et al., 2011).
Then explants were cultured for 2 weeks on multiplication
medium [MS salts and vitamins (Murashige and Skoog,
1962), 0.1 mg L–1 biotin, 0.1 mg L–1 calcium pantothenate,
0.04 mg L–1 (0.21 µM) α-naphthalene acetic acid (NAA),
0.1 mg L–1 (0.44 µM) 6-benzylaminopurine (BAP), 0.05
mg L–1 (0.23 µM) 6-furfurylaminopurine (kinetin), 20 g
L–1 sucrose, and 4 g L–1 Gelrite], followed by 4 weeks on
elongation medium [MS, 0.1 mg L–1 biotin, 0.1 mg L–1
calcium pantothenate, 0.3 mg L–1 NAA, 0.1 mg L–1 indole3-butyric acid (IBA), 0.2 mg L–1 kinetin, 20 g L–1 sucrose,
and 4 g L–1 Gelrite]. Both stages were conducted using 20
mL of media in 100-mL culture bottles.
Elongated shoots (approximately 1.5 cm) were then
individually transferred to 40-mL tubes with 10 mL
of rooting medium (¼ MS, 0.1 mg L–1 biotin, 0.1 mg l–1
calcium pantothenate, 15 g L–1 sucrose, and 4 g L–1 Gelrite).
The auxin analogues IAA and IBA, the inhibitors TIBA
(0.8 µM/0.4 mg L–1) and PCIB (10.7 mg L–1/50 µM), and
the antagonist kinetin (1 mg L–1/4.6 µM) were added to
the media where indicated. The concentration of auxin
(0.1 mg L–1) was chosen based on previous studies on this
clone (Nakhooda et al., 2011), in which deviations from
this optimum concentration significantly reduced rooting
percentage, resulting in agravitropic roots or heavy basal
callus formations (at higher auxin concentrations). Shoots
were recorded as having rooted when at least 0.5 cm of the
root protruded from the shoot base. Magenta culture boxes
were used to facilitate observations of graviperception of
the developing roots. All media were adjusted to pH 5.6–
5.8 before autoclaving at 121 °C and 1 kPa for 20 min. All
cultures were maintained under a 16-h light (200 µmol m–2
s–1)/8-h dark photoperiod, at 25 °C and 23 °C, respectively.
2.2 Microscopy and statistical analyses
Shoot–root junctions, root sections taken midway
between the root tip and the shoot, and root tips were
prepared for light microscopy and histological analysis
by initially placing them into 2.5% (v/v) gluteraldehyde
solution prepared in a 0.1 M phosphate buffer at pH
7.2 for at least 24 h at 4 °C. Following a few rinses in
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the buffer, the samples were dehydrated using a series
of increasing acetone concentrations. The dehydrated
samples were infiltrated with 50:50 acetone:epoxy resin
(Spurr, 1969), shaken for 5 h, and then placed in full epoxy
resin overnight. This was followed by resin embedding in
silicon blocks and polymerisation at 70 °C for 8 h. Sample
sectioning of 1 µm was conducted using a Riechert Ultracut E microtome, followed by 1% (v/v) safranin and 1%
(w/v) KI solutions for visualisation of starch grains in the
root tips. Section viewing and measurement analysis were
achieved using a Nikon Biophot light microscope coupled
with the Motic Image Plus 2.0 computer program.
All statistical analyses were carried out using PAST,
version 2.01 (Hammer et al., 2001). The experiments were
repeated at least 3 times, each with a minimum sample size
of 30.
3. Results
3.1 Auxin inhibitor and antagonist exposure at root
induction
The addition of the auxin inhibitors and antagonist to the
rooting medium had varying effects on rooting compared
with the control (Table 1). Kinetin significantly decreased
rooting percentage and mean root number (except for
in the IAA-containing medium) and caused basal callus
formation. In the IBA-containing medium, kinetin also
significantly reduced the mean root diameter but produced
the greatest amount of callus. PCIB, the inhibitor of auxin
signal transduction (Oono et al., 2003), almost completely

inhibited root production, regardless of exogenous auxin
supply. When rooting occurred, only 1 root per shoot
was produced, with the significantly smallest mean root
diameters recorded. TIBA, the inhibitor of auxin transport
(Geldner et al., 2001), significantly reduced rooting
percentage in the auxin-free and IAA-containing rooting
media. However, no significant difference in percentage
rooting was recorded for the shoots in the + IBA + TIBA
medium compared with those in the + IBA – TIBA
medium (Table 1). The largest basal callus formation was
again recorded in the IBA-containing rooting medium
with TIBA. The + IBA + TIBA combination also resulted
in the largest mean root diameter obtained from all the
tested rooting treatments.
Since root induction and zonation is dependent
on auxin transport (Luijten and Heidstra, 2009), cross
sections of the in vitro shoot–root junctions were used
to determine the cellular origins of the adventitious roots
and to establish if they were influenced by the auxin
antagonist treatments. In all cases, a fully developed shoot
vascular cambium was absent at the time of root induction
(Figure 1). Instead, there was only a procambial region
with primary phloem and primary xylem vessels scattered
throughout the procambium. Adventitious roots appeared
to originate from the procambium region (Figure 1). This
root developmental morphology was consistent across
all rooting treatments (with or without IBA or IAA) and
occurred irrespective of auxin inhibitor or antagonist
presence (Figure 1).

Table 1. Rooting parameters (±SD) for the tested E. grandis clone after 30 days. Shoots were rooted on media containing
auxin inhibitors (PCIB or TIBA) or an auxin antagonist (kinetin) together with either of the indicated auxin analogues
(IAA or IBA) or in an auxin-free environment.
Auxin treatment
(mg L–1)

0

0.1 IAA

0.1 IBA

Antagonist
treatment

% Rooting

Mean root number

Mean root diameter
(µm)

Callus

Control

100 ± 3.8a

5 ± 0.8a

794.5 ± 54.3a

–

Kinetin

73.4 ± 8.2

3 ± 1.0

832.7 ± 43.1

+

PCIB

2.1 ± 0.9

1 ± 0.6

524.6 ± 78.3

–

TIBA

62.1 ± 5.6b

6 ± 2.1a

1187.5 ± 213.6c

++

Control

94.8 ± 7.3

5 ± 1.6

835.6 ± 44.8

–

Kinetin

69.6 ± 9.7bd

4 ± 1.4ab

875.9 ± 62.6a

+

PCIB

2.7 ± 1.9

1 ± 0.8

575 ± 96.2

–

TIBA

72.1 ± 6.2b

6 ± 2.4ad

1216.3 ± 143.7c

++

Control

85.7 ± 12.9

7 ± 1.2

929.7 ± 82.7

+

Kinetin

52.7 ± 11d

4 ± 1.4b

859 ± 74.1a

+++

PCIB

4.3 ± 3.1

1 ± 0.4

632.7 ± 85.9

–

TIBA

79.7 ± 3.5e

8 ± 1.4d

1305.4 ± 56.3e

+++

b

b

c

c

a

a

c

c

c

ae

ad

c

a
b

ad

b

d

b

Callus was quantified as less than 2 mm, between 2 mm and 5 mm, and greater than 5 mm, as indicated by +, ++, and
+++, respectively.
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investigated. Three days after root emergence, rooted shoots
were placed onto a medium containing 0.1 mg L–1 IBA and
either 1 mg L–1 kinetin and 10.7 mg L–1 PCIB or 0.4 mg L–1
TIBA. After 3 weeks in vitro, compared with the control
(no auxin inhibitor or antagonist) (Figure 2a), the kinetin
treatment did not significantly affect root elongation,
but significantly reduced the mean root diameter of the
elongating root. It also produced roots with altered gravity
(AG) perception (Figure 2b, Table 2), i.e. root growth
with greater than 90° deviation from the gravity vector
(Rashotte et al., 2000; Nakhooda et al., 2011). Compared
with the control, exposing shoots to PCIB (which inhibits
auxin signal transduction) significantly increased root
elongation (Figure 2c), coupled with a significant decrease
in mean root diameter (see later and Table 2). However, the
PCIB treatment did not affect the ability of the elongating
root to respond to the gravity vector (Table 2). Conversely,
exposing shoots to TIBA (which inhibits IAA transport)
significantly retarded root elongation while increasing the
mean root diameter (Figure 2, Table 2). In addition, the
TIBA treatment resulted in roots that did not appear to
respond to the gravity vector (Figure 2d). Cross-sections
of the shoot–root junction observed after 3 weeks in each
of the modified rooting media revealed no change in their
morphology from that previously described (Figure 1).
Histological analysis revealed a marked change in
the treatments compared with the normally developing
roots in vitro (Figure 3). The kinetin and PCIB treatments
resulted in altered graviperception and a significant
increase in root elongation, respectively, coupled with
a loss in cortical organisation, similar to that shown in
Figure 3. However, the TIBA-treatment led to a loss in root
cortex organisation and an increase in vascular bundle
area, in which vessel organisation and tissue patterning
were also lost (Figure 3).

P

PC
En
C

ER
500 µm
Figure 1. A stem section showing an emerging adventitious root
(ER). A new root had formed from the procambium (PC). The
stem endodermis (En) is visible, as are the cortex (C) and pith
(P). At this stage, only primary xylem and primary phloem were
present.

3.2 Auxin inhibitor and antagonist exposure post-root
induction
This investigation was aimed at determining the effects
of auxin antagonists on in vitro root development postinduction. Shoots were rooted using the standard
rooting medium containing 0.1 mg L–1 IBA, as previously
determined to be optimum for this clone (Nakhooda et al.,
2012). The occurrence and amount of endogenous IAA in
the shoots of this clone, produced with the same protocol,
were previously reported (Nakhooda et al., 2011). Hence,
under these conditions, both natural auxins were present
and the specific roles of each in root development could be

a

b

c

d

Figure 2. The morphology of roots of the tested E. grandis clone following various auxin antagonist treatments post-induction.
Three days after normal root induction and emergence, shoots were transferred to a) control rooting medium, where no antagonist
was added; b) rooting medium containing 1 mg L–1 kinetin; c) 10.7 mg L–1 PCIB; and d) 0.4 mg L–1 TIBA. Images were recorded
after 3 weeks.
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Table 2. The mean root diameter, change in root length (±SD), and gravitropic
responses after 3 weeks in culture. Shoots were exposed to the indicated auxin
inhibitors and antagonist 3 days after root induction and emergence in the presence
of 0.1 mg L–1 IBA. G = gravitropic and AG = altered graviperception.
Treatment

Mean root diameter
(µm)*

∆ Root length
(mm)

Gravitropic
response

Control

552.8 ± 4.7a

2.8 ± 0.9a

G

Kinetin

278.6 ± 70.7

b

3.7 ± 0.4a

PCIB

129.2 ± 62.2

b

AG

12.2 ± 2.4

G

TIBA

833.4 ± 64.5c

0.8 ± 0.2c

AG

b

*At 3 days after root induction, mean root diameter was recorded as 489 ± 32 µm.

The loss of cortical organisation in the roots of auxin
inhibitor- and antagonist-treated shoots was also apparent
in longitudinal sections of their root tips (Figure 4). Under
the influence of a post-induction supply of kinetin, the
root tips developed a characteristic curvature away from
the gravity vector, with no discernible organisation in the
meristematic region and columella cells (Figure 4a). Above
the meristem, the cells of the cortex lacked discernible
structure. Post-induction treatment of shoots with PCIB
or TIBA resulted in the collapse of the columella region,
coupled with the collapse of cortical integrity. Only the
quiescent centre and root meristematic regions of the roots
maintained tissue/cellular integrity in the presence of TIBA
or PCIB (Figure 4b). As a result, the root meristematic
area just above the root cap appeared bulbous compared
with the rest of the elongating root. Even though starch
grains were visible in the collapsed columella region of
TIBA-treated roots (Figure 4b), these roots remained
unresponsive to the gravity vector (Table 2) due to IAA
transport inhibition. It is of note that the PCIB-treated

200 µm

a

roots remained graviresponsive (Table 2) despite having
similar root tip morphology to the TIBA-treated roots
(Figure 4). Treating shoots with TIBA resulted in a loss of
starch-grain accumulation within the root cap columella
region (Nakhooda et al., 2011).
4. Discussion
It is well established that auxins are integral to root
induction and development (Hartmann et al., 1997;
George et al., 2008). In the case of some Eucalyptus
clones, it is the choice of auxin analogue, supplied in the
pre-rooting micropropagation stages, that is of crucial
importance to some root functioning processes such as
graviperception (Nakhooda et al., 2011). In this regard,
the natural auxin IAA was found to be vital and could not
be substituted by its analogues NAA (α-naphthalene acetic
acid) or IBA (Nakhooda et al., 2011). This requirement,
at least for some clones, could explain the horizontal root
architecture (post-acclimatisation) on eucalypts when IBA
was used for in vitro rooting (Mokotedi et al., 2010).

200 µm

b

Figure 3. Cross-sections of roots, taken midway between the root tip and the shoot, showing a) morphology of a
normal (control) root produced from shoots not exposed to any auxin antagonist and b) typical root development
from shoots treated with 0.4 mg L–1 TIBA 5 days after normal root induction. Restricting IAA transport resulted
in an alteration in vascular patterning.
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M
RT
50 µm

a

RT
50 µm

b

Figure 4. Typical root development when shoots were rooted on normal root induction media supplemented
with 0.1 mg L–1 IBA and transferred to rooting medium containing the auxin antagonists a) kinetin and b) PCIB
or TIBA, in vitro. RT = root tip and M = meristematic region.

Kinetin, PCIB, and TIBA all significantly reduced the
rooting percentage, regardless of the auxin analogue (IAA
or IBA) used for root induction. However, only PCIB
addition completely inhibited rooting (Table 1). Of the 2
auxins, exogenous IBA generally resulted in the greatest
basal callus formation. As a more potent rhizogenic
auxin than IAA (Nordström et al., 1991; Epstein and
Ludwig-Müller, 1993; Ludwig-Müller, 2000; George et al.,
2008), IBA also resulted in significantly larger mean root
diameters when supplied in the absence of kinetin or in
the presence of TIBA (which inhibits IAA efflux) (Christie
and Leopold, 1965; Geldner et al., 2001). Since auxin
stimulates cell growth (George et al., 2008) and retards
root elongation (Woodward and Bartel, 2005), these results
indicate that the exogenous IBA was converted to IAA
in situ, and, at least in the tested clone, it may serve as a
source of IAA, as noted for other plant species (Woodward
and Bartel, 2005).
The basal stem morphology from which the roots
developed was similar in all the tested treatments.
Histological analysis revealed that when the in vitro shoots
were placed onto rooting medium, adventitious roots had
developed from the meristematic procambium but they
did not have a vascular cambium (Figure 1). According
to the general model of adventitious root formation
from stem cuttings of woody plants, roots arise from the
secondary phloem but may also originate from the vascular
cambium and phloem (Hartmann et al., 1997). However,
some workers have proposed other origins: meristematic
procambium or vascular cambium (Ye, 2002), and either
old vascular tissue or newly formed xylem (Baltierra et
al., 2004). In our laboratory, roots from minicuttings of
E. grandis × nitens have been found to originate from
developed shoot xylem arches, a feature not prominent
in micropropagated shoots at the time of rooting (Figure

1). Considering this, it is suggested that, with the in vitro
protocol used in this study, the time at which elongated
shoots are placed onto the root induction medium may
contribute to the root architecture of ex vitro plants, which
Mokotedi et al. (2010) found to be different from those of
macro- and seed-propagated plants.
The addition of auxin inhibitors or an antagonist after
root induction revealed the specific need of the tested
clone for IAA in order to proceed with normal root
development and physiology (Hartmann et al., 1997).
The presence of either the auxin antagonist kinetin or
the IAA-specific transport inhibitor TIBA resulted in the
loss of root gravity perception, a response not observed
in the PCIB-treated shoots. In addition, the kinetin
and PCIB treatments resulted in significantly smaller
mean root diameters than in the control, but the TIBA
treatment had the opposite effect (Table 2). This indicates
that following root induction in vitro, the loss in gravity
perception and horizontal root architecture reported by
Mokotedi et al. (2010) and Nakhooda et al. (2011) may
be due to a disruption in IAA efflux and not to a loss in
auxin signal transduction. It is possible that a disruption
in auxin efflux, induced either through auxin transport
inhibition or through auxin regulation via a cytokinin
(Pernisová et al., 2009; Su and Zhang 2011), resulted in
a redistribution and/or accumulation of auxin within
the root cells. This, in turn, interfered with gravitropism
and root cap development, events that rely on regulated
auxin transport and specific distribution with respect to
auxin maxima and minima concentrations (Muday, 2001;
Moore, 2002; Pernisová et al., 2009). Furthermore, studies
using Arabidopsis have implicated the PIN family of
proteins, responsible for auxin efflux, as the determinant
in root growth and patterning (Blilou et al., 2005). The
rooting response observed in the presence of TIBA (Table
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2) indicated that IAA efflux is a requirement for root
development. Hence, for the tested clone, IAA cannot be
replaced by its analogue IBA in the rooting medium.
Disturbances in auxin transport and action also
resulted in changes in root vascular patterning (Figure
3), which was most prominent with the TIBA treatments.
Under these conditions, a qualitative increase in the
vascular bundle area was observed, coupled with a loss in
vascular patterning, compared with the control (Figure
3). The continuity of the IAA signal appeared necessary
for the maintenance of vascular patterning and IBA could
not replace IAA in this regard. These results are similar to
those observed in Arabidopsis, when conditions of reduced
auxin transport resulted in increased vascular tissue
development that were less ordered than those of normal
auxin transport and perception (Berleth et al., 2000).
Accompanying the alterations in root development,
graviperception, and vascular patterning, brought about
by the disruption of auxin flow, changes in root tip
development were also noted. The presence of kinetin
resulted in a distinct curvature of the root cap away
from the gravity vector, while that of PCIB or TIBA
caused the collapse of the root cap but had little effect
on the meristematic region (Figure 4). This preservation
of the quiescent centre and meristematic region, despite
interruptions in auxin transport, is in keeping with the
requirements of these regions, in that the quiescent state
is linked to high levels of auxin through accumulation
via auxin transport (Kerk and Feldman, 1995; Kerk et al.,
2000). The collapse of the root cap (Figure 4) may explain
the observed loss in graviperception under conditions of
auxin efflux interruption through the actions of kinetin
(Pernisová et al., 2009; Su and Zhang, 2011) and TIBA
(Christie and Leopold, 1965; Geldner et al., 2001). Even
though starch grains were visible in many root caps
(Figure 4), the asymmetric redistribution of auxin is the
ultimate gravity response effector (Muday, 2001; Moore,
2002). A similar collapse was not observed in kinetintreated roots, but the possible interference of auxin efflux
by cytokinin action resulted in a loss in graviperception
(Figure 4). In Arabidopsis, exogenous cytokinin has been
shown to induce bending towards the application site,
thus supporting the inhibitory role of cytokinins on root
gravitropism (Aloni et al., 2004).
These results highlight some significant aspects of
root development and requirements for in vitro rooting

of E. grandis shoots. The conversion of exogenous IBA
to IAA was established, since inhibiting IAA transport
without inhibiting IBA transport impeded several root
developmental events that were not affected in the
control. Adventitious root induction in vitro was found
to always form from shoot meristematic procambium.
Of the inhibitor or antagonist treatments imposed after
normal root induction, only a disruption in auxin efflux
(i.e. a disruption in the asymmetric distribution of auxin
in the root) altered gravity perception. This caused
morphological changes in the root cap and alterations
in vascular patterning. These critical root developmental
events rely on polar transport of IAA (Chen et al., 1999;
Muday, 2001; Moore, 2002; Ye, 2002).
IBA is the auxin most widely used in commercial
vegetative propagation practices, including eucalypt
culture (Hartmann et al., 1997; De Klerk et al., 1999; de
Assis et al., 2004; George et al., 2008). It is chosen because
of its rhizogenic efficacy, which results from its high
stability in plant tissues (George et al., 2008). This, in turn,
also makes IBA the preferred choice for clones that are
difficult to root and do not respond well to IAA application
(Epstein and Ludwig-Müller, 1993; Ludwig-Müller et al.,
2005). However, as shown here and by Nakhooda et al.
(2011), the most potent auxin may not necessarily be the
most suitable one in in terms of root development and
quality. Further, for some root developmental responses
(e.g., graviperception), IAA cannot always be substituted
by an analogue. Studies in our laboratory (Nakhooda et al.,
2012) indicated that in some poor-rooting eucalypt clones,
IAA can have an equal rhizogenic ability to IBA, provided
that cytokinin exposure in the pre-rooting culture history
is reduced. Therefore, it may be possible to refine eucalypt
micropropagation protocols to utilise exogenous IAA for
both easy- and difficult-to-root clones, thereby ensuring
the quality of the developed roots (e.g., gravitropism
and vascular development). Such traits are particularly
important for ensuring healthy and productive forests for
commercially important trees such as eucalypts.
Acknowledgements
The authors thank the National Research Fund of South
Africa (grant UID85573), the Universities of KwaZuluNatal and Witwatersrand, and Mondi Business for funding
this research.

References
Aloni R, Langhans M, Aloni E, Ullrich CI (2004). Role of cytokinin
in the regulation of root gravitropism. Planta 220: 177–182.
Baltierra XC, Montenegro G, De García E (2004). Ontogeny of in
vitro rooting processes in Eucalyptus globulus. In Vitro Cell
Dev Biol Plant 40: 499–503.

264

Bell DT, van der Moezel PG, Bennett IJ, McComb JA, Wilkins CF,
Marshall SCB, Morgan AL (1993). Comparisons of growth of
Eucalyptus camaldulensis from seeds and tissue culture: root,
shoot and leaf morphology of 9-month-old plants grown in
deep sand and sand over clay. For Ecol Manag 57: 125–139.

NAKHOODA et al. / Turk J Agric For
Bennett MJ, Marchant A, Green HG, May ST, Ward SP, Millner PA,
Walker AR, Schulz B, Feldman KA (1996). Arabidopsis AUX1
gene: a permease-like regulator of root gravitropism. Science
273: 948–950.
Berleth T, Mattsson J, Hardtke CS (2000). Vascular continuity and
auxin signals. Trends Plant Sci 5: 387–393.
Blilou I, Xu J, Wildwater M, Willemson V, Papnov I, Friml J,
Heidstra R, Aida M, Palme K, Scheres B (2005). The PIN auxin
efflux facilitator network controls growth and patterning in
Arabidopsis roots. Nature 433: 39–44.
Brault M, Maldiney R (1999). Mechanisms of cytokinin action. Plant
Physiol Biochem 37: 403–412.
Campilho A, Lindgren O, Helariutta Y (2009). Vascular
morphogenesis during root development. In: Beeckman T,
editor. Annual Plant Reviews Volume 37: Root Development.
Oxford, UK: Wiley-Blackwell, pp. 39–63.

Geldner N, Friml J, Stierhof Y-D, Jürgens G, Palme K (2001). Auxin
transport inhibitors block PIN1 cycling and vesicle trafficking.
Nature 413: 425–428.
George EF, Hall MA, De Klerk G-J (2008). Plant Propagation by
Tissue Culture. 3rd ed. The Netherlands: Springer.
Hammer Ø, Harper DAT, Ryan PD (2001). PAST: Paleontological
Statistics Software Package for education and data analysis.
Palaeontologia Electron 4: 9.
Hartmann HT, Kester DE, Davies FT, Geneve RL (1997) Plant
Propagation: Principles and Practices. 6th ed. London, UK:
Prentice Hall International.
Jones NB, Van Staden J (1997). Micropropagation of Eucalyptus. In:
Bajaj YPS, editor. Biotechnology in Agriculture and Forestry
Volume 39: High-tech and Micropropagation. Berlin: SpringerVerlag, pp. 286–329.

Chen R, Rosen E, Masson PH (1999). Gravitropism in higher plants.
Plant Physiol 120: 343–350.

Kerk NM, Feldman LJ (1995). A biochemical model for the initiation
and maintenance of the quiescent centre: implications for the
organization of root meristems. Development 121: 2825–2833.

Christie AE, Leopold AC (1965). On the manner of triiodobenzoic
acid inhibition of auxin transport. Plant Cell Physiol 6: 337–
345.

Kerk NM, Jiang K, Feldman LJ (2000). Auxin metabolism in the root
apical meristem. Plant Physiol 122: 925–932.

de Assis TF, Fett-Neto AG, Alfenas AC (2004). Current techniques
and prospects for the clonal propagation of hardwoods with
emphasis on Eucalyptus. In: Walter C, Carson M, editors.
Plantation Forest Biotechnology for the 21st Century.
Trivandrum, India: Research Signpost, pp. 303–333.
De Klerk G-J, Van der Krieken W, De Jong J (1999). The formation
of adventitious roots: new concepts, new possibilities. In Vitro
Cell Dev Biol Plant 35: 189–199.
De Rybel B, Audenaert D, Beeckman T, Kepinski T (2009). The past,
present and future of chemical biology in auxin research. ACS
Chem Biol 4: 987–998.
Delbarre A, Muller P, Imhoff V, Guern J (1996). Comparison
of mechanisms controlling uptake and accumulation of
2,4-dichlorophenoxy acetic acid, naphthalene-1-acetic acid,
and indole-3-acetic acid in suspension-cultured tobacco cells.
Planta 198: 532–541.
Denison NP, Kietzka JE (1993a). The development and utilization of
vegetative propagation in Mondi for commercial afforestation
programmes. S Afr Forest J 165: 47–54.
Denison NP, Kietzka JE (1993b). The use and importance of hybrid
intensive forestry in South Africa. S Afr Forest J 165: 55–60.
Eldridge K, Davidson J, Harwood C, van Wyk G (1994). Eucalypt
Domestication and Breeding. London: Claredon Press.
Epstein E, Ludwig-Müller J (1993). Indole-3-butyric acid in plants:
occurrence, biosynthesis, metabolism, and transport. Physiol
Plant 88: 382–389.
Friml J (2003). Auxin transport – shaping the plant. Curr Opin Plant
Biol 6: 7–12.
Gälweiler L, Guan C, Müller A, Wiseman E, Mendgen K, Yephremov
A, Palme K (1998). Regulation of polar auxin transport by
AtPIN1 in Arabidopsis vascular tissue. Science 282: 2226–2230.

Kramer EM, Bennett MJ (2006). Auxin transport: a field in flux.
Trends Plant Sci 11: 383–386.
Kuderová A, Hejátko J (2009). Spatiotemporal aspect of cytokininauxin interaction in hormonal regulation of the root meristem.
Plant Signal Behav 4: 156–157.
Le Roux JJ, Van Staden J (1991). Micropropagation and tissue culture
of Eucalyptus – a review. Tree Physiol 9: 435–477.
Ludwig-Müller J (2000). Indole-3-butyric acid in plant growth and
development. Plant Growth Regul 32: 219–230.
Ludwig-Müller J, Vertocnik A, Town CD (2005). Analysis of indole3-butyric acid-induced adventitious root formation on
Arabidopsis stem segments. J Exp Bot 56: 2095–2105.
Luijten M, Heidstra R (2009). Arabidopsis root development. In:
Beeckman T, editor. Annual Plant Reviews Volume 37: Root
Development. Oxford, UK: Wiley-Blackwell, pp. 1–38.
Mankessi F, Saya A, Baptiste C, Nourissier S, Monteuuis O (2009).
In vitro rooting of genetically related Eucalyptus urophylla
× Eucalyptus grandis clones in relation to the time spent in
culture. Trees 23: 931–940.
Mattsson J, Renee Sung Z, Berleth T (1999). Responses of plant
vascular systems to auxin transport inhibition. Development
126: 2979–2991.
Merkle SA, Nairn CJ (2005). Hardwood tree biotechnology. In Vitro
Cell Dev Bio Plant 41: 602–619.
Michniewicz M, Brewer PB, Friml J (1997). Polar auxin transport
and asymmetric auxin distribution. The Arabidopsis Book 5:
1–28.
Mokotedi MEO, Watt MP, Pammenter NW, Blakeway FC (2000). In
vitro rooting and subsequent survival of two clones of a coldtolerant Eucalyptus grandis × E. nitens hybrid. Hortscience 35:
1163–1165.

265

NAKHOODA et al. / Turk J Agric For
Mokotedi MEO, Watt MP, Pammenter NW (2010). Analysis of
differences in field performance of vegetatively and seedpropagated Eucalyptus varieties II: vertical uprooting
resistance. South For 72: 712–718.
Moore I (2002). Gravitropism: lateral thinking in auxin transport.
Curr Biol 12: R452–R454.
Mravec J, Kubes M, Bielach A, Gaykova V, Petrášek J, Skůpa P,
Chand S, Benková, Zažímalova E, Friml J (2008). Interaction
of PIN and PGP transport mechanisms in auxin distributiondependent development. Development 135: 3345–3354.

Pernisová M, Klíma P, Horák J, Válkova M, Malbeck J, Souček
P, Reichman P, Hoyerová K, Dubová J, Friml J et al. (2009).
Cytokinins modulate auxin-induced organogenesis in plants
via regulation of the auxin efflux. Proc Natl Acad Sci USA 106:
3609–3614.
Rashotte AM, Brady SR, Reed RC, Ante SJ, Muday GK (2000).
Basipetal auxin transport is required for gravitropism in roots
of Arabidopsis. Plant Physiol 122: 481–490.
Spurr AR (1969). A low viscosity epoxy resin embedding medium for
electron microscopy. J Ultrastruct Res 26: 31–43.

Muday GK (2001). Auxins and tropisms. J Plant Growth Regul 20:
226–243.

Su Y-H, Zhang X-S (2011). Auxin-cytokinin interaction regulates
meristem development. Mol Plant 4: 616–625.

Murashige T, Skoog F (1962). A revised medium for rapid growth
and bioassays with tobacco tissue cultures. Physiol Plant 15:
473–497.

Swarup R, Bennett MJ (2009). Root gravitropism. In: Beeckman T,
editor. Annual Plant Reviews Volume 37: Root Development.
Oxford, UK: Wiley-Blackwell, pp. 157–174.

Nakhooda M, Watt MP, Mycock D (2011). Auxin stability and
accumulation during in vitro shoot morphogenesis influences
subsequent root induction and development in Eucalyptus
grandis. Plant Growth Regul 65: 263–271.

Terasaka K, Blakeslee JJ, Titapiwatanakun B, Peer WA, Bandyopadhyay
A, Makam SN, Lee OR, Richards EL, Murphy AS, Sato F, et
al. (2005). PGP4, an ATP binding cassette P-glycoprotein,
catalyzes auxin transport in Arabidopsis thaliana roots. Plant
Cell 17: 2922–2939.

Nakhooda M, Watt MP, Mycock D (2012). The properties and
interaction of auxins and cytokinins influence rooting of shoot
cultures of Eucalyptus. Afr J Biotech 11: 16568–16578.
Nordström A-C, Jacobs FA, Eliasson L (1991). Effect of exogenous
indole-3-acetic acid and indole-3-butyric acid on internal levels
of the respective auxins and their conjugation with aspartic
acid during adventitious root formation in pea cuttings. Plant
Physiol 96: 856–861.
Nourissier S, Monteuuis O (2008). In vitro rooting of two Eucalyptus
urophylla × Eucalyptus grandis mature clones. In Vitro Cell
Dev Biol Plant 44: 263–272.
Oono Y, Ooura C, Rahman A, Aspuria ET, Hayashi K-I, Tanaka A,
Uchimiya H (2003). p-Chlorophenoxyisobutyric acid impairs
auxin response in Arabidopsis root. Plant Physiol 133: 1135–
1147.
Parry G, Marchant A, May S, Swarup R, Swarup K, James N, Graham
N, Allen T, Martucci T, Yemm A et al. (2001). Quick on the
uptake: characterisation of a family of plant auxin influx
carriers. J Plant Growth Dev 20: 217–225.

266

Trindade H, Pais MS (1997). In vitro studies on Eucalyptus globulus
rooting ability. In Vitro Cell Dev Biol Plant 33: 1–5.
Tromas A, Perrot-Rechenmann C (2010). Recent progress in auxin
biology. Comtes Rendus Biol 333: 297–306.
Watt MP, Blakeway FC, Mokotedi MEO, Jain SM (2003).
Micropropagation of Eucalyptus. In: Jain SM, Ishii K, editors.
Micropropagation of Woody Trees and Fruits. Netherlands:
Kluwer Academic Publishers, pp. 217–244.
Woodward AW, Bartel B (2005). Auxin: regulation, action and
interaction. Ann Bot 95: 707–735.
Yasodha R, Sumathi R, Gurumuthi K (2004). Micropropagation for
quality propagule production in plantation forestry. Indian J
Biotechnol 3: 159–170.
Ye Z-H (2002). Vascular tissue differentiation and pattern formation
in plants. Ann Rev Plant Biol 53: 183–202.

